Endocytosis depends on an extensive network of interacting proteins that execute a series of distinct subprocesses. Previously, we used live-cell imaging of six budding-yeast proteins to define a pathway for association of receptors, adaptors, and actin during endocytic internalization. Here, we analyzed the effects of 61 deletion mutants on the dynamics of this pathway, revealing functions for 15 proteins, and we analyzed the dynamics of 8 of these proteins. Our studies provide evidence for four protein modules that cooperate to drive coat formation, membrane invagination, actin-meshwork assembly, and vesicle scission during clathrin/actin-mediated endocytosis. We found that clathrin facilitates the initiation of endocytic-site assembly but is not needed for membrane invagination or vesicle formation. Finally, we present evidence that the actin-meshwork assembly that drives membrane invagination is nucleated proximally to the plasma membrane, opposite to the orientation observed for previously studied actin-assembly-driven motility processes.
Introduction
Endocytosis is a complex process that requires coordination of the molecular events responsible for cargo sorting, membrane invagination, vesicle scission, and vesicle targeting. A vast body of research has revealed an intricate network of numerous protein-protein interactions within the endocytic pathway, as well as many examples of functional redundancy (Engqvist-Goldstein and Drubin, 2003). Consequently, assigning specific protein functions within this pathway is challenging. Live-cell microscopy has emerged as a powerful tool to reveal protein dynamics at endocytic sites in both yeast and mammals. In mammalian cells, dynamin, actin, N-WASP, and the Arp2/3 complex have all been shown to transiently appear at clathrin-coated pits just prior to vesicle release (Merrifield et Here we used this endocytic pathway, which was revealed by analyzing dynamics of several endocytic proteins, as a foundation and analyzed the dynamics and functions of many additional endocytic proteins to construct a detailed temporal map of endocytosis. The timing of clathrin's arrival in relation to other early endocytic proteins is unclear. We colocalized GFPtagged clathrin (Clc1-GFP) with the actin marker Abp1p tagged with monomeric red fluorescent protein (RFP) in living cells. Clc1-GFP was functional as judged by the lack of growth defects characteristic of clc1 null mutants. Clc1-GFP localized mainly to highly dynamic internal structures but also to less motile cortical patches (Newpher et al., 2005) . The cortical signal was usually masked by the strong signal from the internal structures, making imaging difficult. To overcome this problem, we used total internal reflection fluorescence (TIRF) microscopy to illuminate only the cell surface near the cover glass. Using TIRF imaging of Clc1-GFP in combination with simultaneous epifluorescence imaging of Abp1-RFP, we were able to visualize cortical clathrin patches that partially colocalized with Abp1-RFP patches (Figures 1A and 1B ; see also Movie S1 in the Supplemental Data available with this article online). The average lifetime of these cortical clathrin patches was 73.8 ± 31.5 s (n = 25 patches). Abp1-RFP joined clathrin patches, which disappeared upon Abp1-RFP arrival ( Figure 1B ). All clathrin patches (100%; n = 65 patches) gave rise to Abp1-RFP patches. In reverse, 98% (n = 154 patches) of Abp1-RFP patches arose from clathrin patches within the area illuminated by the evanescent wave. Clc1-GFP also preceded Las17-RFP localization to patches ( Figure 1C ). These data suggest that clathrin appears early at essentially all endocytic sites, preceding even Las17p. We then tested the impact of actin polymerization on clathrin dynamics using LatA. TIRF microscopy revealed that cortical Clc1-GFP patches were still present, but they were stabilized, with lifetimes typically exceeding 5 min ( Figure 1D ).
Results

Clathrin Localization and Function at Endocytic Sites
To determine whether clathrin patches move away from the plasma membrane, we imaged medial focal planes of the spherical yeast cells, providing views perpendicular to the plasma membrane. To circumvent challenges of imaging cortical Clc1-GFP presented by the internal structures, we used diploid cells, which are larger and therefore allowed clearer imaging of cortical clathrin structures ( Figure 1E ). Clc1-GFP patches moved toward the center of the cell a distance of w200 nm before disappearing ( Figure 1E ). This is strikingly similar to Sla1p, Pan1p, and Sla2p patch dynamics, reinforcing the idea that this 200 nm actin-dependent movement corresponds to coat internalization.
Clathrin's endocytic role was explored by analyzing endocytic-protein dynamics in chc1⌬ (clathrin heavy chain) and clc1⌬ (clathrin light chain) mutants. In these mutants, Las17-GFP, Sla1-GFP, and Abp1-GFP still localized to cortical patches. However, a stronger cytoplasmic localization was observed with the early endocytic proteins Las17p and Sla1p ( Figure 1I ; data not shown). Also, patch lifetimes for these two proteins were reduced by 30% in the clathrin mutants ( 1F). In contrast, Abp1p patch lifetime was extended in clathrin mutants, often persisting slightly longer after patch movement into the cytoplasm ( Figure 1F ; data not shown). In clathrin mutants, Sla1-GFP patches still disappeared upon Abp1-RFP arrival ( Figure 1G ), and the 200 nm Sla1-GFP movement was similar to wildtype ( Figure 1H ). Most strikingly, clathrin mutants showed a decrease in cortical Sla1-GFP and Las17-GFP patch number ( Figure 1I ; data not shown). Quantification revealed 69% (clc1⌬) and 81% (chc1⌬) decreases in the number of Sla1p patches per cell surface area ( Figure  1J ). The shortened Sla1p patch lifetime in clathrin mutants would cause a 30% reduction in the number of patches observed at any given time. Accounting for this lifetime reduction, our results imply 56% and 73% decreases in the number of endocytic sites in clc1⌬ and chc1⌬ cells, respectively.
These results suggest that clathrin arrives early at all endocytic sites and aids initiating assembly of the actin-mediated internalization machinery ( Figure 1K ). Endocytosis still occurs in the absence of clathrin. However, the frequency at which endocytic sites are formed is reduced.
Screening Deletion Mutants
Live-cell imaging combined with powerful yeast genetics provides an attractive approach to uncover molecular mechanisms of clathrin/actin-mediated endocytosis. Given that clathrin is not required for endocytic invagination and vesicle formation in yeast, we focused on uncovering the mechanisms underlying these processes.
We used live-cell imaging to screen a set of 60 deletion mutants of endocytic genes for defects in the dynamic behavior of Sla1p (coat dynamics) and Abp1p (actin dynamics). We chose 60 nonessential proteins known either to function in endocytic internalization or to have a localization or interactions consistent with involvement in this process (Table S1 ). This set included clc1⌬ and sla2⌬ as controls (Kaksonen et al., 2003) . We created strains carrying both a deletion mutation and Sla1-GFP or Abp1-GFP. Live-cell movies of each mu-tant were visually analyzed for changes in localization or temporal behavior of the marker proteins. Clear abnormalities in the dynamic behavior of either or both of the marker proteins were seen in 14 of the 60 mutants (Table S1 ; Figure S1 ; Movies S2 and S3). While defects in endocytic uptake have been reported for ten of these mutants, no such defects have been observed for cap1⌬, cap2⌬, bbc1⌬, and abp1⌬ (Table S1 ). Thus, our in vivo dynamics analyses are more sensitive than analyses used in previous studies. Distinct Sla1-GFP or Abp1-GFP phenotypes were observed in different mutants, suggesting that the endocytic proteins function at different steps along the endocytic pathway (Table S1 ).
Coat-Complex and Actin-Patch Dynamics in Endocytic Deletion Mutants
We chose nine mutants (sla1⌬, end3⌬, bbc1⌬, rvs161⌬, rvs167⌬, sac6⌬, cap1⌬, cap2⌬, and abp1⌬) for more indepth analysis because they showed defects that suggested functions during the actin-driven invagination and vesicle-formation processes. Three other mutants (sla2⌬, arc18⌬, and vrp1⌬) had phenotypes indicating roles in these processes. The phenotypes of sla2⌬ and Arp2/3 complex mutants have been described previously ( Figure S1 ). A similar number of Sla1-GFP retractions were observed in the rvs161⌬ rvs167⌬ double null (24.8%, n = 109), suggesting that both proteins are required for functionality. The retraction took place after the Sla1-GFP patch had internalized and when the patch intensity had already decreased significantly from the peak intensity. Thus, it is likely that we failed to see a portion of these retraction movements and underestimated their frequency. Retraction movements were very rarely seen in wild-type cells (0.7%, n = 136 patches). Interestingly, Abp1-RFP fluorescence intensity peaks when the Sla1-GFP patch retracts, yet Abp1-RFP patches did not show similar retractions ( Figure  2B ). Given the reported activities of amphiphysin, the abortive internalization observed in these mutants may be due to a failure in scission after actin-driven invagination, after which membrane tension retracts the endocytic coat, but not the actin meshwork, back to the cell cortex.
Sac6p is yeast fimbrin, an actin-filament-crosslinking protein (Adams et al., 1991) . In sac6⌬ cells, Sla1-GFP's inward movement was completely abolished even though the actin marker Abp1-RFP was still recruited to Sla1-GFP sites in a manner similar to in wild-type cells (Figure 2B) . Correspondingly, the fast Abp1p patch movement was lost (Movie S4). These data suggest that actin-filament crosslinking is essential for productive force generation at endocytic sites.
Cap1p and Cap2p are the α and β subunits of yeast actin-capping protein and are both required for capping function (Amatruda et al., 1992) . In agreement with this, cap1⌬ and cap2⌬ cells showed similar phenotypes. Sla1-GFP patches moved in at reduced speed ( Figure  2B ). Additionally, Abp1-RFP patches were brighter, as described previously (Kim et al., 2004) . Notably, these mutants showed the longest Abp1-RFP lifetimes of any mutants analyzed in this study (Figure 2A ). Capping Abp1p is an F-actin binding protein that can activate the Arp2/3 complex (Goode et al., 2001 ). In abp1⌬ cells, the initial slow movement of Sla1-GFP was normal (Figure 2B) . In wild-type cells, Sla1p dissipated from patches during the slow inward movement. However, in abp1⌬ cells, Sla1-GFP persisted after the slow movement and then showed a fast movement characteristic of actin patches in wild-type cells ( Figure 2B) . In abp1⌬ cells, Sac6-RFP also persisted longer in the cytoplasm, colocalizing with the rapidly moving Sla1-GFP patches (Movie S4). The Sac6-RFP patches occasionally fused with neighboring patches. These data suggest that Abp1p likely functions to disassemble endocytic structures.
We next analyzed effects of the nine deletion mutations on clathrin-patch dynamics. TIRF imaging of clathrin together with epifluorescence imaging of Abp1-RFP revealed that clathrin-patch lifetimes were dramatically extended in sla1⌬, end3⌬, and sac6⌬ cells. In sla1⌬ and end3⌬ cells, the long-lived clathrin patches, similar to Pan1-GFP, consistently terminated with Abp1-RFP bursts ( Figure S3A) . In sac6⌬ cells, Abp1-RFP bursts took place at clathrin patches. However, unlike Sla1p, the clathrin patches often remained stable after the Abp1-RFP burst, suggesting that the failure to invaginate the plasma membrane may lead to a defect in clathrin disassembly ( Figure S3A ). The other mutants did not dramatically alter clathrin dynamics ( Figure  S3A ). These data are consistent with observations that clathrin accumulates at the cell cortex in end3⌬ but not in rvs161⌬ or rvs167⌬ (Newpher et al., 2005). We also imaged clathrin using epifluorescence microscopy. Clc1-GFP showed qualitatively similar behavior to Sla1-GFP in rvs161⌬, rvs167⌬, and bbc1⌬ strains ( Figure  S3B ). Detailed analysis of Clc1-GFP movement in cap1⌬, cap2⌬, sac6⌬, and abp1⌬ cells was hindered by the strong signal from the internal clathrin structures.
Dynamic Localization of Endocytic Proteins
Given the unique deletion phenotypes of these nine proteins, we next quantitatively analyzed the spatial and temporal localization of C-terminal GFP fusions of each protein expressed from its endogenous locus. None of the GFP fusions showed any of the phenotypes seen in the corresponding deletion mutants (e.g., slower growth or changes in Abp1p dynamics; data not shown), demonstrating that the fusion proteins are functional. We analyzed the behavior of each fusion protein individually, and then together with Abp1-RFP, to determine the temporal order of protein recruitment to endocytic sites (Figure 3 ; Movie S5). The dynamic behaviors fell into four distinct groups described below.
In the first group, End3-GFP had a lifetime of 30.2 ± 4.2 s ( Figure 3A) . It initially formed an immotile patch that later moved about 200 nm toward the cell center while it was dissipating (Figures 3B and 3C) . The onset of the inward movement corresponded with the arrival of Abp1-RFP at the End3-GFP patch ( Figure 3D) . Thus, End3p behaves like Sla1p, Pan1p, and Sla2p (Kaksonen et al., 2003) . Since these proteins move like clathrin, they are likely associated with the vesicle coat.
In the second group, Bbc1-GFP patches had a short lifetime of 9.6 ± 1.1 s and stayed immotile at the cell surface throughout their lifetime (Figures 3A-3C In the third group, Rvs161-GFP and Rvs167-GFP also appeared at patches very transiently (12.1 ± 3.3 and 10.2 ± 1.4 s respectively; Figure 3A ). These proteins were initially immotile, then moved and immediately dissipated from the patch (Figures 3B and 3C) . The patch centroids moved only about 100 nm, and the movement took place in less than 0.5 s (Figures 3B and  3C ; data not shown). Rvs161-GFP also showed strong diffuse cytoplasmic staining, which reduced the contrast of patches, making it difficult to determine if all Rvs161-GFP patches moved. Simultaneous two-color analysis revealed that the Rvs proteins arrive at the patch after Abp1-RFP ( Figure 3D ).
In the fourth group, Cap1-GFP, Cap2-GFP, and Sac6-GFP formed patches with lifetimes of 18.8 ± 2.1, 19.0 ± 3.0, and 14.9 ± 2.2 s, respectively ( Figure 3A) . They colocalized well with Abp1-RFP and showed similar dynamics of recruitment and disassembly and similar motility behaviors (Figures 3B-3D) . However, the capping-protein lifetimes suggest that they may persist slightly longer than Abp1p and Sac6p. Cap1-GFP, Cap2-GFP, Sac6-GFP, and Rvs161-GFP became completely diffuse in LatA-treated cells ( Figure  4A) , showing that actin filaments are needed for their localization. In contrast, Bbc1-GFP, End3-GFP, and Rvs167-GFP still appeared in cortical patches in LatA (Balguerie et al., 1999) . However, both Bbc1-GFP and Rvs167-GFP showed increased cytoplasmic localization, suggesting that they may depend partially on actin for their localization. We then studied how LatA affects dynamics of these proteins. Bbc1-GFP and End3-GFP were highly stable and immotile, suggesting that they are capable of localizing independently of F-actin but require actin for disassembly from patches ( Figure 4B) . In contrast to Rvs161-GFP, Rvs167-GFP formed patches in LatA, and the patches assembled and disassembled very rapidly (average lifetime of 7.6 ± 4.7 s; n = 25; Figure 4B) , a behavior so far unique among endocytic proteins.
Regulation of Actin Polymerization by Sla1p and Bbc1p
Bbc1p and Sla1p inhibit Las17p's Arp2/3-activating activity in vitro (Rodal et al., 2003) . Each mutant phenotype was also consistent with defects in the regulation of actin nucleation (Figure 2B ), suggesting that these two proteins may cooperate in the regulation of actin polymerization. When we combined bbc1⌬ and sla1⌬ mutations, long Abp1-RFP-labeled actin protrusions extended dynamically from the cell surface ( Figure 5A ; Movie S6). A bbc1⌬ end3⌬ double mutant showed similar actin structures (data not shown), consistent with our earlier observations that end3⌬ and sla1⌬ have similar phenotypes and that Sla1p is poorly localized in end3⌬ cells.
To visualize the coat in relation to these unusual actin protrusions, we coexpressed either Pan1-GFP or Clc1-GFP with Abp1-RFP in bbc1⌬ sla1⌬ cells. Initially, Abp1-RFP-labeled actin clouds formed around Pan1/ Clc1-GFP patches. Then, continuing actin assembly formed protrusions that pushed the actin-cloud-covered Pan1/Clc1-GFP patches into the cytoplasm (Figures 5A-5C ; Movie S6). The Pan1/Clc1-GFP patches and their surrounding actin clouds disassembled first, leaving only the dynamic actin protrusions, which persisted slightly longer before disassembling. The movements of Pan1p and Clc1p patches in bbc1⌬ sla1⌬ cells are qualitatively similar to their actin-dependent movements in wild-type cells. However, the actin structures were greatly exaggerated, often spanning half of a cell diameter ( Figure 5A ). To address whether these coatcomplex proteins associate with endocytic vesicles, we visualized the vital membrane dye, FM4-64, in bbc1⌬ sla1⌬ cells expressing Pan1-GFP. FM4-64 labels endocytic vesicles and colocalizes with internalizing Abp1p in wild-type cells (Huckaba et al., 2004) . As expected, in these mutants, Pan1-GFP patches colocalized with FM4-64-labeled vesicles ( Figure 5D) . Additionally, the FM4-64-labeled vesicles persisted after Pan1-GFP had disassembled ( Figure 5D) .
The large size of these abnormal actin protrusions allowed us to use photobleaching to study the directionality and rate of actin polymerization. We expressed actin-GFP from a plasmid in bbc1⌬ sla1⌬ cells and photobleached small regions of the actin protrusions. The bleached regions moved away from the membrane toward the cell center at 92 ± 20 nm/s (n = 16) ( Figure  5E ; Movie S7), demonstrating that actin monomers are added at the plasma membrane and that growing filaments then push the endocytic coat complex off the plasma membrane.
As Bbc1p and Sla1p can potentially regulate Las17p activity, we localized Las17-GFP in the mutants. Surprisingly, in bbc1⌬ mutants, Las17-GFP patches occasionally split, so that the majority remained at the plasma membrane while a portion moved into the cell ( Figure 5F ). In sla1⌬ mutant cells, both Las17p and Abp1p formed patches that were somewhat brighter than in wild-type cells but that behaved relatively normally ( Figure 5F ). In bbc1⌬ sla1⌬ double mutants, Las17-GFP patches became much brighter when actin started polymerizing. Also, part of the Las17-GFP patch often moved into the cell at the tip of the actin protrusion ( Figure 5F ; Movie S6). The increased accumulation of Las17-GFP is consistent with its being involved in formation of the actin protrusions. We suspect that in wild-type cells a similar actin-based mechanism drives endocytic invagination.
Invagination/Scission Relationship
We next wanted to study in more detail the putative scission process involving Rvs161p and Rvs167p. Absence of either protein leads to frequent retraction of internalized coat complexes back to the plasma membrane, possibly due to failed scission ( Figure 2B and Figures S1 and S3) .
The enhanced coat movement seen in bbc1⌬ cells may happen before or after scission. To address this issue, we analyzed the movement of Sla1-GFP in rvs167⌬ bbc1⌬ double-mutant cells. Interestingly, in the double mutant, all patches that retracted behaved in a manner similar to patches in the rvs167⌬ single mutant, retracting after moving w200 nm ( Figure 6A ; Movie S8). This suggests that the enhanced actin-driven movement in bbc1⌬ mutants happens mostly after the Rvs proteins function.
Rvs161-GFP and Rvs167-GFP reach their maximum fluorescence intensity at the same time as Abp1-RFP at endocytic sites ( Figure 6B ; data not shown). Rvs167-GFP patches move immediately after their intensity peaks, and this movement is shorter and faster than coat movements (Figures 3 and 6C) . This movement could correspond to vesicle scission. The timing is consistent with recent observations in mammalian cells in which scission occurs concomitant with peak actin recruitment at endocytic sites (Merrifield et al., 2005) . We tested whether this movement is dependent on actin polymerization. Although LatA did not block the transient localization of Rvs167-GFP ( Figure 4B ), it resulted in inhibition of Rvs167-GFP patch movement ( Figure  6D) . In sac6⌬ cells, in which coat internalization is blocked ( Figure 2B ), Rvs167-GFP patches were also immotile, although they still formed and disappeared rapidly ( Figure 6D) . Interestingly, Rvs161-GFP showed behavior similar to Rvs167-GFP in sac6⌬ cells (data not shown), which was in contrast with its behavior in LatAtreated cells. We also studied the behavior of Rvs167-GFP in bbc1⌬ cells. In these cells, Rvs167-GFP patches moved much further into the cell, suggesting that altered actin dynamics also affects Rvs167-GFP disassembly ( Figure 6D) .
To further analyze the behavior of the Rvs proteins, we expressed Rvs167-GFP and Abp1-RFP in bbc1⌬ sla1⌬ cells, which exhibit enlarged actin patches (Figure 5) . As in wild-type cells, Rvs167-GFP localized to endocytic sites slightly after Abp1-RFP. Interestingly, Rvs167-GFP patches often elongated into tubular structures within the actin plumes. After elongating, the tip of these Rvs167-GFP structures frequently separated and moved inward with the growing actin protrusion. The remaining cortically associated part of the Rvs167- GFP tubule receded toward the plasma membrane and disappeared ( Figures 6E and 6F) . FM4-64 staining of bbc1⌬ sla1⌬ mutants revealed that Rvs167-GFP colocalized with membrane tubules that emanated from the plasma membrane and produced vesicles ( Figure 6G ). ., 2005) , we found that clathrin precedes all previously described yeast endocytic proteins to endocytic sites and that virtually all endocytic sites contain both clathrin and actin (Figure 1) . Thus, it is unlikely that there is an alternative, clathrin-independent, actindependent endocytic pathway in wild-type yeast cells. Moreover, we observed that clathrin patches internalize about 200 nm before disappearing. We presume that the 200 nm clathrin movement corresponds to clathrincoated-pit and clathrin-coated-vesicle formation (Figure 7) . In mammalian cells, a portion of clathrin-coated pits disassemble without undergoing internalization (Ehrlich et al., 2004) . However, we did not detect abortive clathrin patches in budding yeast. Although not required for invagination and vesicle formation in yeast, clathrin plays a crucial role in efficient initiation of endocytic-site assembly (Figure 1) . The reduced rate of receptor-mediated endocytosis in clathrin mutants (Chu et al., 1996; Payne et al., 1988) can be explained by the w50%-75% reduction in the number of endocytic sites (Figures 1I and 1J) . Since clathrin mutants have fewer endocytic sites, concentrations of cytoplasmic endocytic proteins may be higher. The altered lifetimes of Las17p, Sla1p, and Abp1p patches in clathrin mutants could be due to increased concentrations of free patch proteins. However, a direct role for clathrin in regulating patch assembly and disassembly dynamics is also possible. Ede1p is a candidate to share clathrin's endocytic function, as its deletion phenotype is similar to that of clathrin mutants ( Figures  S1 and S2) .
Discussion
Clathrin in Yeast Endocytosis
Evidence for Endocytic-Protein Modules
The endocytic proteins analyzed thus far can be divided into four groups based on their dynamic behaviors (Figures 3 and 7) . We suggest that these groups represent dynamic protein modules, which cooperate to drive vesicle formation.
(1) The coat module consists of proteins that initially assemble on the plasma membrane and then internalize w200 nm with the forming vesicle before disassembling. This module contains clathrin, Sla1p, Pan1p, End3p, and Sla2p (Figure 7) . The coat likely includes Ent1/2p and Yap1801/2p, but the dynamics of these proteins remain to be described (Newpher et al., 2005) . The coat complex forms independently of actin, but its movement and disassembly requires actin polymerization (Figure 4) . ( Rvs167p. These proteins localize only briefly at endocytic sites, arriving after actin polymerization has started (Figures 3D and 6B ). At first they are immotile, but they then move rapidly inward w100 nm, after which they immediately dissipate. The 100 nm movement may correspond to vesicle scission. LatA experiments revealed that Rvs161-GFP is dependent upon F-actin for its localization. In contrast, Rvs167-GFP patches, uniquely, do not require actin for their turnover at the plasma membrane. They both do, however, require actin-driven invagination for their movement (Figures 4 and 6) .
Functions of Endocytic Modules
Our analysis of endocytic-protein dynamics in deletionmutant strains identified roles for 15 proteins in clathrin/ actin-mediated endocytosis. The remaining endocytic proteins likely have functions that may not be detected by our screening method. Moreover, the functions of several endocytic proteins, including those that have paralogs (Table S1 ), may be redundant and likely mask defects in the single mutants. Further work is needed to uncover the roles of these proteins. Coat-module proteins likely perform several functions, including cargo recruitment and actin-dynamics regulation. SLA1 and END3 deletions cause significant delays in actin-polymerization initiation, suggesting roles in regulating actin-polymerization initiation at endocytic sites ( Figure 2B ). This function could be medi- Actin polymerization is needed for coat internalization (Kaksonen et al., 2003) . We studied four actin module mutants, sac6⌬, cap1⌬, cap2⌬, and abp1⌬, and found evidence for several distinct functions. In the absence of the actin-filament-crosslinking protein, Sac6p, actin assembles with normal timing at endocytic sites, but the coat is not internalized. This suggests that filament crosslinking is required so that forces can be transmitted through the actin meshwork perpendicular to the cell surface. In sac6⌬ cells, actin assembly still leads to disassembly of Sla1p, but not clathrin, suggesting that different disassembly mechanisms may exist for the proteins of the coat module.
Capping protein has been hypothesized to function in actin-polymerization-driven motility by limiting monomer addition to the most recently assembled, uncapped subset of barbed ends, thus increasing polymerization rates locally ( The SLA1 and BBC1 deletion phenotypes described here support an in vivo role in regulating actin polymerization. However, the phenotypes are different, and these two proteins localize differently. Bbc1p joins Las17p at the endocytic site as Sla1p begins its actin-dependent inward movement away from Las17p. Therefore, Sla1p and Bbc1p might regulate the actin-nucleating machinery at different steps of the endocytic pathway. The combination of bbc1⌬ and sla1⌬ mutations leads to formation of dramatic actin protrusions that associate with, and dynamically project away from, the WASP/ Myo module proteins at the cell surface ( Figure 5 ). As these aberrant actin protrusions drive coated-vesicle internalization, we propose that they are exaggerations of the structures that drive normal endocytic internalization. Photobleaching showed that actin was polymerized at the plasma membrane ( Figure 5E ), and twocolor imaging revealed that the coated vesicles moved off the cell surface at the same rate as actin-protrusion growth ( Figure 5B and 5C ). These observations suggest that actin polymerization at the plasma membrane generates the driving force for the coat movement, although the type I myosin motor may also contribute to this process. Surprisingly, the directionality of actin polymerization relative to the movement of the propelled object is opposite to that involved in Listeria or endosome motility (Taunton et al., 2000; Theriot et al., 1992). The actin structures present in bbc1⌬ sla1⌬ cells formed in two distinct phases ( Figure 5 ). First, a bright immotile actin cloud formed at the plasma membrane. Next, continuing actin polymerization formed a dimmer actin protrusion that propelled the initial actin cloud inward. We speculate that these two phases may occur in wild-type cells, where they may be undetectable due to the resolution limits of light microscopy.
Amphiphysin-module proteins, Rvs161p and Rvs167p, contain BAR domains, which can bind and tubulate membranes in vitro (Peter et al., 2004) . The Rvs proteins arrive after the actin marker Abp1p has started to accumulate but reach their peak fluorescence intensity together with Abp1p ( Figures 6B and 6C) Table S2 . To generate endocytic deletion mutants for live-cell microscopy, we crossed strains from the MATα yeast deletion collection (ResGen) to strains DDY3056 and DDY3057. All crosses were sporulated, and two or three haploids both carrying a deletion and encoding a GFPtagged protein were visually analyzed. To verify the phenotypes of sla1⌬, end3⌬, bbc1⌬, rvs161⌬, rvs167⌬, sac6⌬, cap1⌬, cap2⌬, and abp1⌬ cells, we recreated these mutations by homologous recombination in the DDY1102 background expressing Sla1/Pan1-GFP and Abp1/Sac6-RFP. Lucifer yellow uptake assays were performed as described previously (Belmont and Drubin, 1998).
FM4-64 and Lucifer Yellow Staining
Live-Cell Imaging
For microscopy, cells were grown in SD without tryptophan (to minimize autofluorescence) at 25°C until early log phase. Cells were attached to concanavalin A-coated coverslips, which were sealed to slides with vacuum grease (Dow Corning). Imaging was done at room temperature using a Nikon TE300 or an Olympus IX81 microscope equipped with 100× NA1.4 objectives and Orca-100 or Orca II cameras (Hamamatsu). TIRF microscopy was done with an Olympus IX81 microscope equipped with a 100× NA1.65 lens and 488 nm argon-ion laser (Melles Griot). The excitation intensity was regulated by neutral density filters, and the images were acquired continuously at rates of 0.4-1 frames/s. Simultaneous two-color imaging was done using an image splitter (Optical Insight) to separate the red and green emission signals to two sides of the camera sensor using 565 nm dichroic mirror and 530/30 nm and 630/50 nm emission filters. To excite GFP, we used a 488 nm argon-ion laser; for RFP, we used a mercury lamp filtered through a 575/20 nm filter. The excitation beams from these two light sources were combined using a beam splitter. After each experiment, images of immobilized microbeads that fluoresce at both green and red wavelengths were captured. These images were used to align the cell images.
Photobleaching studies were done using a Zeiss 510 confocal microscope equipped with a 63× NA1.4 objective. A small region was bleached at full laser power followed by imaging at reduced excitation intensity.
Image Analysis
Image analysis was done as described previously (Kaksonen et al., 2003) . Tracking of patches was done from single-color GFP movies to achieve the best signal-to-noise ratio. ImageJ (http://rsb.ingo. nih.gov/ij/) was used for preparing kymographs and for general manipulation of images and movies. 
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